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Mammalian target of rapamycin (mTOR) con-
trols cell growth and proliferation via the rap-
tor-mTOR (TORC1) and rictor-mTOR (TORC2)
protein complexes. Recent biochemical studies
suggested that TORC2 is the elusive PDK2 for
Akt/PKB Ser473 phosphorylation in the hydro-
phobic motif. Phosphorylation at Ser473, along
with Thr308 of its activation loop, is deemed
necessary for Akt function, although the regula-
tory mechanisms and physiological importance
of each phosphorylation site remain to be fully
understood. Here, we report that SIN1/MIP1 is
an essential TORC2/PDK2 subunit. Genetic ab-
lation of sin1 abolished Akt-Ser473 phosphory-
lation and disrupted rictor-mTOR interaction
but maintained Thr308 phosphorylation. Sur-
prisingly, defective Ser473 phosphorylation
affected only a subset of Akt targets in vivo,
including FoxO1/3a, while other Akt targets,
TSC2 and GSK3, and the TORC1 effectors,
S6K and 4E-BP1, were unaffected. Our findings
reveal that the SIN1-rictor-mTOR function in
Akt-Ser473 phosphorylation is required for
TORC2 function in cell survival but is dispens-
able for TORC1 function.
INTRODUCTION
Cell growth and proliferation are orchestrated by signaling
networks in response to environmental cues such as nutri-
ents, growth factors, and hormones. An important player
in the control of cell growth is the evolutionarily conserved
protein kinase, target of rapamycin (TOR) (Jacinto and
Hall, 2003; Sarbassov et al., 2005a; Wullschleger et al.,
2006). In addition to being a central regulator of cell growth(size/mass increase), proliferation, apoptosis, and metab-
olism, mammalian TOR (mTOR) is also linked to the PI3K/
PTEN/Akt/TSC signaling pathway, where genetic muta-
tions of many components in this pathway result in the de-
velopment of a wide variety of cancers. Thus the mTOR
pathway is an attractive anticancer drug target (Guertin
and Sabatini, 2005; Hay, 2005).
Recent studies have revealed that mTOR, similar to its
yeast counterpart, resides in two protein complexes (Inoki
and Guan, 2006; Wullschleger et al., 2006). Mammalian
TOR complex 1 (TORC1) is rapamycin-sensitive and con-
sists of mTOR, raptor, and mLST8 (GbL), which are the
orthologs of yeast TOR1/2, KOG1, and LST8, respectively
(Hara et al., 2002; Kim et al., 2002, 2003; Loewith et al.,
2002). TORC1 is activated by nutrients, growth factors/
hormones, and energy signals and is inhibited by rapamy-
cin. Activation of TORC1 results in phosphorylation of the
translational regulators S6K and 4E-BP, which augments
protein synthesis (Gingras et al., 2004). Both raptor and
mLST8 positively regulate TORC1 functions, but the de-
tailed mechanism of this regulation is unclear. Mammalian
TORC2 is rapamycin insensitive and contains mTOR, ric-
tor (mAVO3), and mLST8 (Jacinto et al., 2004; Sarbassov
et al., 2004). Yeast TORC2 contains TOR2, AVO3, LST8,
and additionally AVO1, AVO2, and BIT61 (Loewith et al.,
2002; Reinke et al., 2004; Wedaman et al., 2003). Whether
a distantly related gene hsin1 (human Stress Activated
Protein Kinase Interacting Protein 1) is a functional equiv-
alent of AVO1 needs further examination (Loewith et al.,
2002; Reinke et al., 2004; Wullschleger et al., 2006). The
function of mammalian TORC2 is less defined than that
of TORC1 but is believed to be involved in actin cytoskel-
eton reorganization (Jacinto et al., 2004; Loewith et al.,
2002; Sarbassov et al., 2004). Recent biochemical studies
showed that TORC2was able to phosphorylate the growth
factor-regulated kinase Akt/PKB (Hresko and Mueckler,
2005; Sarbassov et al., 2005b).
Akt/PKB is a member of the AGC kinase family, which
also includes S6K, RSK, SGK, and PKC (Peterson and
Schreiber, 1999; Woodgett, 2005). Most members of thisCell 127, 125–137, October 6, 2006 ª2006 Elsevier Inc. 125
family, including Akt, are phosphorylated at two key resi-
dues located at the catalytic site (activation loop or T-
loop) and the C-terminal hydrophobic motif (HM) site.
Phosphorylation of the HM site promotes docking of the
PIF pocket of PDK1 to the HM site and concomitantly
leads to thephosphorylation of theT-loop site upongrowth
factor stimulation andPI3Kactivation (Biondi, 2004). PDK1
phosphorylates Akt/PKB at Thr308 of its T loop, which is
essential for Akt catalytic activity (Alessi et al., 1997; Ste-
phens et al., 1998). As with many members of the AGC
kinase family, HM phosphorylation of Akt at Ser473 and
T-loop Thr308 phosphorylation has been proposed to be
interdependent on each other (Scheid et al., 2002; Toker
and Newton, 2000), although there is some opposing evi-
dence (Alessi et al., 1996; Collins et al., 2003; Woodgett,
2005). For example, cells expressing a PDK1 mutant with
a defective PIF pocket can still phosphorylate Akt (Biondi
et al., 2001; Collins et al., 2003). Moreover, the HM of Akt
also displays lower affinity for the PIF pocket of PDK1 in
comparison to other PDK1 targets (Frodin et al., 2002).
Nevertheless, since dually phosphorylated Akt has higher
in vitro kinase activity (Alessi et al., 1996; Scheid et al.,
2002), it is presumed that most Akt functions aremediated
by the dually phosphorylated Akt. Structural studies of Akt
revealed that the HM phosphorylation facilitates interac-
tion of this motif with the N lobe of the catalytic domain
of Akt, which in turn promotes a disorder to order transition
of the aC helix (Yang et al., 2002a, 2002b). The restruc-
tured/ordered aC helix was implied to set the substrate
specificity of Akt (Yang et al., 2002a). Despite being widely
used as a key indicator of Akt activation, the precise phys-
iological function of Ser473 phosphorylation site remains
to be fully understood.
The kinase that phosphorylates the HM site of Akt, often
referred to as PDK2, has been controversial. Various
kinases have been proposed to act as the PDK2 for Akt,
including ILK, DNA-PK, and PKC (Bayascas and Alessi,
2005; Dong and Liu, 2005; Feng et al., 2004; Kawakami
et al., 2004; Troussard et al., 2003;Woodgett, 2005). How-
ever, despite a lack of genetic evidence, recent biochem-
ical studies have strongly suggested that TORC2 is the
elusive PDK2 for Akt Ser473 (Hresko and Mueckler,
2005; Sarbassov et al., 2005b).
Akt plays a central role in controlling cell growth, prolif-
eration, survival, and differentiation by phosphorylating
a diverse number of protein substrates that contain a
minimal consensus sequence of RXRXXS/T (Scheid and
Woodgett, 2001). Among these are proteins implicated
in metabolism, cell growth, and proliferation such as
GSK3, mTOR, and TSC2, and proteins that play roles in
apoptosis such as BAD, ASK1, and the Forkhead family
of transcription factors FoxOs (Lawlor and Alessi, 2001).
It is therefore important to understand howAkt can control
such a diverse array of cellular functions.
Akt is believed to couple the growth-factor-PI3K signal-
ing pathway to the nutrient-regulated TORC1 signaling
pathway (Wullschleger et al., 2006). Following growth-fac-
tor stimulation, activated Akt suppresses the GTPase-126 Cell 127, 125–137, October 6, 2006 ª2006 Elsevier Inc.activating protein (GAP) activity of the tumor suppressor
TSC2/TSC1 complex by phosphorylating TSC2 (Gao
et al., 2002; Inoki et al., 2002; Manning et al., 2002; Potter
et al., 2002). TSC2 acts as a GAP toward the GTPase
Rheb, a positive regulator of the TORC1 signaling branch
(Inoki and Guan, 2006; Li et al., 2004; Wullschleger et al.,
2006). Thus, Akt acts as an upstream activator of mTOR
for TORC1. Since Akt activation may be dependent on
TORC2, Akt is also a target of mTOR via TORC2. Hence,
the signaling molecules that form a complex with mTOR
could specifically link Akt to either TORC1 or TORC2.
In this study, we identified SIN1/MIP1 as a key TORC2
component and regulator of the Akt pathway that posi-
tively controls Akt-Ser473 phosphorylation and activation.
These studies highlight the role of the SIN1-rictor-mTOR
complex in defining the function and specificity of Akt.
RESULTS
Human SIN1 Is a Component of TORC2
but Not TORC1
To understand the molecular mechanism of TORC1 and
TORC2 regulation, we immunoprecipitated either rictor
or raptor and identified coimmunoprecipitated proteins
by mass spectrometry. Both rictor and raptor coimmuno-
precipitatedmTOR (Figure 1A). A 70 kDa protein band that
specifically associated with rictor but not raptor was iden-
tified as SIN1 (SAPK interacting protein 1, also previously
identified as MIP1 for MEKK2 interacting protein 1), a
human ortholog of Schizosaccharomyces pombe spSIN1
(Cheng et al., 2005b; Schroder et al., 2005; Wilkinson
et al., 1999). The weaker 70 kDa band seen in the raptor
immunoprecipitates was HSP70, and no trace of SIN1
peptide was identified. Reciprocally, we performed pro-
teomic analysis of the SIN1 complex and detected rictor
andmTOR but not raptor (Figures 1A and 1B). Further bio-
chemical analysis indicated that SIN1 may participate in
TORC2 but not TORC1 function (Figure S1).
Targeted Inactivation of sin1 Gene by Homologous
Recombination
There is so far no genetic evidence in mammals demon-
strating the role of mTOR partners in TORC signaling. To
understand more thoroughly the in vivo function of SIN1,
wegeneratedmicewith targeteddeletionof sin1byhomol-
ogous recombination (Figure 2A). The targeting event was
verified by Southern blotting, PCR-based genotyping, and
Western blotting analysis (Figures 2B–2D). Although SIN+/
heterozygous mice breed and develop normally with no
gross differences from wild-type mice, the sin1-deleted
mice were embryonic lethal due to early developmental
problems (these findings will be described elsewhere).
SIN1 Is Required for Ser473 but Not for Thr308
Phosphorylation of Akt
Due to embryonic lethality, we established SIN1/murine
embryonic fibroblasts (MEFs) from E10 embryos (Fig-
ure 2D) to investigate the role of SIN1 in mTOR function.
In wild-type control and starved cells (all the cells were
serum starved for 12 hr, followed by 60 min incubation
with PBS for nutrient starvation) that were restimulated
with serum or insulin, Akt became phosphorylated at
Ser473 (Figure 3A). In SIN1/ cells, however, the phos-
phorylation of Akt at Ser473 was undetectable even after
prolonged serum stimulation (Figure 3A and data not
shown). Since SIN1 is not a kinase and has no known en-
zymatic activity, these results strongly suggest that SIN1
is the key regulator of PDK2 that phosphorylates Akt at
Ser473.
We next examined the Akt T-loop Thr308 phosphoryla-
tion inwild-type and SIN1/ cells.We found that although
Ser473 phosphorylation was completely abolished in the
SIN1/ cells, Thr308 phosphorylation of Akt was not
blocked (Figure 3A). These results indicate that SIN1 is
Figure 1. SIN1 Is a Subunit of TORC2
(A) Proteomic analysis of endogenous TORC2. Extracts fromonebillion
HeLa cells were immunoprecipitated with rictor-, raptor-, or SIN1-spe-
cific antibodies. Coimmunoprecipitated proteins were analyzed and
identified by mass spectrometry. SIN1, rictor, raptor, and mTOR are
indicated. PEX1 and SART3 coimmunoprecipitated with SIN1 and
migrated at a similar position as raptor, while HSP70 migrated at the
same position as SIN1.
(B) SIN1 interacts with rictor and mTOR, but not raptor, in vivo.
HEK293T cell extracts were subjected to immunoprecipitation by an
anti-SIN1 antibody or a control IgG antibody. Coimmunoprecipitated
(coIP) or total proteins (total) were immunoblotted with specific anti-
bodies to each of the TORC components.not essential for Akt Thr308 phosphorylation and that the
Ser473 phosphorylation is not a prerequisite for Thr308
phosphorylation.
Akt, Singly Phosphorylated at Thr308, Remains
Active and Functional in Response to Growth
Factor Stimulation in SIN1/ Cells
Since Akt Thr308 phosphorylation was not dependent on
Ser473 phosphorylation in SIN1/ cells, we then asked
whether this Thr308 singly phosphorylated Akt is still ac-
tive and whether lack of Ser473 phosphorylation would
have a global effect on the phosphorylation of Akt targets.
Using an in vitro kinase assay, we found that Akt retained
a substantial amount of enzymatic activity in SIN1/
cells, although lower than that in wild-type cells (Fig-
ure 3B). Thus, singly phosphorylated (Thr308) Akt is an
active but weaker enzyme.
To investigate whether this partially active Akt is func-
tional in vivo, we first examined the in vivo phosphorylation
of GSK3. Surprisingly, phosphorylation of GSK3a at Ser21
and GSK3b at Ser9 in response to serum or insulin was
only marginally affected in the SIN1/ cells (Figure 3C).
We also did not observe a difference in the kinetics of
GSK3 phosphorylation between the wild-type and
SIN1/ cells (data not shown). These results suggest
that the singly Thr308-phosphorylated form of Akt may
be partially functional in vivo.
We also examined phosphorylation of TSC2, another
Akt target (Manning et al., 2002), at the Akt target sites
Ser939 and Thr1462 and found no significant difference
between wild-type and SIN1/ cells upon serum and
insulin stimulation (Figure 3C). Furthermore, we compared
the proliferation rates of several sets of MEFs with wild-
type, SIN1+/, and SIN1/ genotypes established from
E10 embryos. No significant difference in the cell-doubling
time of these MEFs was observed (Figure 3D). Finally, we
did not find any size difference of wild-type and SIN1/
cells grown under starvation or normal growth conditions
(Figure 3E and data not shown). Hence, the growth factor-
induced GSK3 and TSC2 phosphorylation may not fully
depend on Akt-Ser473 phosphorylation.
Phosphorylation at Thr24/Thr32 of FoxO1/FoxO3a,
an Akt Target for the Cell-Survival Pathway,
Is Defective in SIN1/ Cells
To identify a function that could be linked specifically to
Akt-Ser473 phosphorylation, we further examined known
Akt substrates that may have defective phosphorylation in
SIN1/ cells. We found that phosphorylation of FoxO1/3a
(also called FKHR/FKHRL1) (Greer and Brunet, 2005), was
affected in SIN1/ cells. In particular, phosphorylation of
FoxO1/3a at Thr24/Thr32 was significantly decreased in
the absence of SIN1 under normal growing and restimu-
lated conditions (Figure 4A). However, we did not observe
complete inhibition of phosphorylation at this site, indicat-
ing that it could be partially induced by the singly Thr308-
phosphorylated Akt, or compensated by another AGC
family-related kinase such as SGK1. We also found thatCell 127, 125–137, October 6, 2006 ª2006 Elsevier Inc. 127
Figure 2. Targeted Mutation of the Murine sin1 Gene by Homologous Recombination
(A) Diagram of the sin1 locus and the targeting vector. The egfp-Neo cassette flanked by the two targeting arms and the TK cassette is illustrated. The
filled squares are sin1 exons. An oval indicates the sin1 DNA region used as a probe for Southern blot analysis. The locations of PCR primers are
indicated.
(B) Southern blot analysis of the targeted allele. The 6.45 kb Pst1-Pst1 wild-type allele and the 4.2 kb targeted allele are indicated.
(C) PCR genotyping of an E10 litter. The 1.3 kb (wild-type) and 1.5 kb fragments (targeted allele) were amplified using primers P1-P3 and P1-P2, re-
spectively.
(D) Analysis of murine embryonic fibroblasts (MEFs) by immunoblotting. Total cell lysates from serum-starvedwild-type(+/+), heterozygous (+/), and
homozygous mutant (/) MEFs were analyzed by immunoblotting using a SIN1 specific antibody K87 and tubulin as loading control.the recombinant FoxO1 could not be phosphorylated at
Thr24/32 in vitro by an Akt mutant harboring an alanine
mutation in either Thr308 or Ser473, whereas a Ser473
to Ala mutated Akt could still phosphorylate recombinant
GSK3 (Figure S2). These results indicate that Akt-Ser473
phosphorylation is required for FoxO1/3a phosphorylation
at Thr24/32. Interestingly, FoxO1/3a Ser256 phosphoryla-
tion was normal in SIN1/ cells (data not shown).
To search for other potential Akt targets that may be
defective in SIN1/ cells, we used a pan-Akt substrate
phosphoantibody. Phosphorylation of most of the Akt
substrates detected by this phosphoantibody was simi-
larly induced and therefore is SIN1 independent (Fig-
ure 4B). However, the phosphorylation of at least two pro-
teins with an apparent molecular weight of 46 and 48 kDa
was severely defective in the SIN1/ cells. The identity of
these proteins is unknown, but they do not appear to be
GSK3 a/b. Probing the same membrane with an anti-p-
GSK3a/b antibody revealed that although GSK3 comi-128 Cell 127, 125–137, October 6, 2006 ª2006 Elsevier Inc.grated with the p46 band, there was no defect in its
phosphorylation in the SIN1/ cells (data not shown;
see also Figure 3C). Together these results demonstrate
that lack of hydrophobic motif (HM)-site phosphorylation
does not have a global effect on Akt substrate phosphor-
ylation but affects only a subset of Akt targets in vivo. To
our knowledge, this is the first time that specific functions
of Akt Thr308 and Ser473 phosphorylation have been
clearly uncoupled.
SIN1 Deficiency Leads to Increased Susceptibility
of Cells to Stress-Induced Apoptosis
Akt has beenwell characterized as a prosurvival molecule,
and part of this function is mediated through its suppres-
sion of the activity of the FoxO proteins (Greer and Brunet,
2005). To investigate whether SIN1 deficiency confers
increased sensitivity to stress-induced apoptosis, we in-
duced cellular stress in the SIN1/MEFs by using hydro-
genperoxide (H2O2) and theDNAdamage-inducing agent,
Figure 3. SIN1 Is Required for Ser473 but Not for Thr308 Phosphorylation of Akt but It Is Dispensable for GSK3 and TSC2 Phos-
phorylation and Cell-Growth/Proliferation Control
(A) SIN1 is required for Akt Ser473 but not Thr308 phosphorylation. Wild-type and SIN1/ MEF lysates from normal growing (medium), starved, or
starved then restimulated conditions were analyzed for p-Akt Ser473, p-Akt Thr309, or total Akt by immunoblotting.
(B) SIN1 deletion decreases Akt enzymatic activity in vitro. Total Akt from starved (), or starved then insulin restimulated cells (5, 15, 60 min restim-
ulation) was immunoprecipitated for in vitro kinase assay. Phosphorylation of recombinant GSK3 at pSer21/9 and total immunoprecipitated Akt was
determined by immunoblotting.
(C) SIN1 is not required for phosphorylation of the Akt target sites on TSC2 and GSK3. Wild-type and SIN1/MEFs were treated as described in (A)
and analyzed for TSC2 (p-Ser939 and p-Thr1462), GSK3a/b (p-Ser9/21) phosphorylation, and total TSC2 or b-actin expression, by immunoblotting.
(D) SIN1/ cells grow similarly as wild-type cells. Wild-type, SIN1+/ and SIN1/MEFs grown in complete medium were counted on the indicated
days. Data are means ± standard deviation of triplicates plates.
(E) Wild-type and SIN1/ cells display similar cell size. Wild-type and SIN1/ MEFs were stained by propidium iodide (PI) and subjected to FACS
analysis. DNA content (PI) and forward scatter height (FSC-H) distribution of MEFs during the G1 and G2 phase of the cell cycle are shown.etoposide, which are known to induce cell death in an Akt-
FoxO pathway-dependent manner (Brognard et al., 2001;
Brunet et al., 1999, 2004). Upon H2O2 treatment, whereas
70%–100% of wild-type cells remained viable, only 20%–
50%of SIN1 knockout cells survived (Figure 4C). In etopo-
side-treated cells, there was a 2-fold increase in the
number of cells that underwent apoptosis after 48 hr in
SIN1 knockouts (Figure 4D). Thus, we find that the
SIN1/ cells were more sensitive to stress-induced apo-
ptosis, suggesting that Akt-Ser473 phosphorylation plays
an important role in cell survival (Figures 4C and 4D).SIN1 Is Not Required for the raptor-mTOR Function
Although SIN1 does not bind to TORC1, it is still possible
that SIN1 may regulate TORC1 indirectly. We therefore
examined the phosphorylation of TORC1 targets in the
SIN1/ cells. The phosphorylation of S6K at Thr389,
which is the TORC1-mediated site, was not inhibited in
the SIN1/ cells (Figure 5A). In fact, we observed a slight
increase in Thr389 phosphorylation in response to serum
or insulin stimulation in the absence of SIN1. Likewise,
phosphorylation of another translational regulator, 4E-
BP1, at the mTOR target site Thr37/46 (Gingras et al.,Cell 127, 125–137, October 6, 2006 ª2006 Elsevier Inc. 129
Figure 4. SIN1-Deficient Cells Have Defective FoxO1/3a Thr24/Thr32 Phosphorylation and Are More Susceptible to Stress-
Induced Apoptosis
(A) SIN1 is essential for FoxO1/3a Thr24/Thr32 phosphorylation. Wild-type and SIN1/ MEFs were treated as described in Figure 3A. Phosphory-
lation of FoxO1/3a, p-Akt Ser473, p-Akt Thr308, total Akt, and tubulin were determined by immunoblotting.
(B) Phosphorylation of putative Akt substrates in SIN1/ cells. Wild-type and SIN1/MEFs were treated as described in A. Total Akt, p-Akt Ser473,
and the phosphorylation of putative Akt substrates were determined by immunoblotting.
(C and D) SIN1/ cells have increased susceptibility to stress-induced apoptosis. In (C), wild-type and SIN1/ MEFs were treated with 0.5 mM or
1mMH2O2, and cell viability was determined 10 hr later. In (D), wild-type and SIN1
/MEFswere treatedwith 20 mMetoposide for the indicated times,
and the percentage of apoptotic cells were determined by FACS analysis. Error bars represent standard deviation.1999), was also not impaired in SIN1/ cells (Figure 5A).
Hence, SIN1 appears to be essential for TORC2 function
but is dispensable for TORC1 function.
Since SIN1 is not required for TORC1 function, we next
examined whether the SIN1-mediated Akt-Ser473 phos-
phorylation is responsive to growth-factor stimulation in
the absence of nutrients such as amino acids and glucose.
Akt Ser473 was strongly induced in wild-type cells by dif-
ferent growth factors such as the platelet-derived growth
factor, epidermal growth factor, and insulin, even in the
absence of amino acids and glucose (Figure 5B). In
SIN1/ cells, Akt-Ser473 phosphorylation was not in-
duced by any type of stimulus. In contrast, Thr308 phos-
phorylation was induced by growth factors in both wild-
type and SIN1/ cells, indicating that the SIN1 deletion
specifically affects Akt-Ser473 phosphorylation in re-130 Cell 127, 125–137, October 6, 2006 ª2006 Elsevier Inc.sponse to growth factors. These results also indicate
that SIN1 may mediate growth-factor signaling for Akt-
Ser473 phosphorylation independent of nutrient signals.
SIN1 Is Essential for rictor-mTOR Interaction
and Interacts with Akt
Next we examined if SIN1 could regulate the PDK2 func-
tion by controlling the rictor and mTOR interaction.
Whereas rictor interacted with mTOR in wild-type cells,
this interaction was impaired in SIN1/ cells under
starved or restimulated conditions (Figure 5C). In contrast,
the raptor-mTOR interaction was not affected in the ab-
sence of SIN1 (Figure 5D). Taken together, these results
indicate that SIN1 is essential for TORC2 integrity.
To investigate if SIN1 could serve as a scaffold to pres-
ent Akt to TORC2 to mediate Akt phosphorylation at
Ser473, we examined SIN1 and Akt interaction. As shown
in Figures 5E and 5F, SIN1 was able to associate with Akt
under normal growth, starvation, or restimulated condi-
tions. Although SIN1 and Akt interacted under starved
condition, the SIN1 bound Akt was not phosphorylated
on Ser473 (Figure 5E). In contrast, we did not detect Akt
and rictor interaction by either coimmunoprecipitation
(coIP) (Figure S3) or mass spectrometry analysis (data
not shown), suggesting that Akt does not form a stable
complex with rictor or TORC2. These results suggest
that SIN1 may serve as a scaffold for Akt in addition to
being a regulator of TORC2.
Expression of SIN1 Rescues the Defects
in SIN1 Mutant Cells
To confirm that the defects we observed in the SIN1/
MEFs were indeed due to the SIN1 deletion, we reconsti-
tuted the SIN1/ cells with full-length sin1 cDNA and an-
alyzed the TORC2-Akt function (Figure 6A). Expression
of the full-length HA-tagged SIN1, but not the empty
vector, was able to restore Akt-Ser473 phosphorylation
(Figure 6B). The interaction of rictor and mTOR was also
restored (Figure 6C). Finally, the phosphorylation of
FoxO1/3a at Thr24/Thr32 and the putative p46/48 protein
in the reconstituted cells was likewise restored (Figures
6D and 6E). Together these results confirm that SIN1 is
an essential TORC2 subunit and that it is critical for Akt
activation and function.
DISCUSSION
Our studies have identified SIN1 as a crucial subunit of the
TORC2 protein complex and that the SIN1-rictor-mTOR
complex is likely the principal if not the sole phosphoinosi-
tide-dependent protein kinase 2 (PDK2) for Akt. We pro-
vide here the first mammalian genetic evidence for distinct
functions of the two mTOR complexes and show that
phosphorylation of Akt at the HM site by TORC2 serves
a specific cellular function.
A key finding in our study is that in the absence of SIN1,
phosphorylation of Ser473 but not Thr308 of Akt is abol-
ished, demonstrating that the PDK1-mediated Akt
Thr308 phosphorylation is not dependent on prior
Ser473 phosphorylation by PDK2. In contrast to our
data, another study (Sarbassov et al., 2005b) found that
both Ser473 and Thr308 phosphorylation of Akt was di-
minished in rictor andmTOR knockdown cells. The reason
for the discrepancy with our findings is unclear, but we do
not exclude the possibility that uncoupled rictor and
mTOR could be required for PDK1 regulation. Since we
found that in the absence of Ser473 phosphorylation,
Thr308 phosphorylation occurs more readily in SIN1/
cells than that in wild-type cells (data not shown), the
HM site phosphorylation of Akt may still influence how
the T-loop Thr308 is phosphorylated. This result supports
the view that these two phosphorylation sites may directly
or indirectly influence the status of the phosphorylation ofthe other (Bayascas and Alessi, 2005; Scheid et al., 2002;
Woodgett, 2005; Yang et al., 2002a, 2002b).
The dual phosphorylation of Akt at the HM and T-loop
sites that synergistically activates Akt in vitro is not neces-
sarily required for all Akt functions. Specifically, we found
that phosphorylation of FoxO1/3a at Thr24 and at least
two unidentified p46 and p48 proteins was defective in
SIN1/ cells, while singly Thr308-phosphorylated Akt
was sufficient to phosphorylate other Akt targets. As the
phosphorylation of FoxO1/3a at multiple sites including
Thr24 has been proposed to promote the nuclear exclu-
sion and binding to 14-3-3 proteins of FoxOs (Barthel
et al., 2005; Greer and Brunet, 2005), a fully active, doubly
phosphorylated Akt may enhance or sustain inhibition of
these transcription factors to promote cell survival upon
growth-factor stimulation. In agreement with this hypoth-
esis, we found increased susceptibility of SIN1/ cells
to stress-induced apoptosis. Whether the unidentified
p46 and p48 proteins are also involved in cell survival
remains to be elucidated.
Thus, differently activated forms of Akt may regulate the
numerous Akt targets in a specific manner. Akt binding
proteins and/or the localization of Akt to a specific cellular
compartment could regulate its activity and confer speci-
ficity (Brazil et al., 2002). It is however also possible that
other AGC-type kinases such as PKC and or RSK, which
have been proposed to phosphorylate GSK3 at the
same inhibitory sites (Jope and Johnson, 2004), could
compensate for the function of doubly phosphorylated
Akt. In this regard, it would be interesting to determine if
SIN1 may also regulate PKC and RSK. Our finding that
singly phosphorylated Akt at Thr308 retains most of Akt
functions also provides a cautionary note for the use of
Akt phosphorylation at Ser473 as a sole indicator for Akt
activation and function.
Our studies also revealed that SIN1 is not required for
TORC1 activation. In fact, we observed a slightly en-
hanced S6K1 phosphorylation at Thr389 in both SIN1
knockout (Figure 5A) and knockdown (data not shown)
cells. It was recently shown that in the absence of TSC2,
Akt-Ser473 phosphorylation is also impaired. This defect
was attributed to a negative feedback regulation of the in-
sulin receptor substrates, IRS, by S6K, whose phosphor-
ylation was augmented in TSC2-deficient cells due to the
enhanced TORC1 activity (Harrington et al., 2004; Roux
et al., 2004; Shah et al., 2004). However, the defective
Akt-Ser473 phosphorylation in SIN1/ cells is unlikely
due to this negative feedback loop since PDK1 signaling
remained unaffected (e.g., Akt phosphorylation by PDK1
at Thr308). Thus, increased S6K activity may not neces-
sarily impair insulin signaling but could occur only when
S6K is persistently activated, as would occur in the ab-
sence of negative regulation by TSC2. Alternatively, the
increase in S6K activity in the SIN1/ cells may not be
sufficient to attenuate insulin signals.
Another indication that SIN1 is not required for TORC1
activation was the observation that TSC2 is also phos-
phorylated normally in SIN1/ cells. Akt has beenCell 127, 125–137, October 6, 2006 ª2006 Elsevier Inc. 131
Figure 5. SIN1 Is Not Required for Raptor-mTOR Function but Is Required for Multiple Growth Factor-Mediated Akt-Ser473 Phos-
phorylation and Rictor-mTOR Assembly
(A) SIN1 is not required for phosphorylation of S6K and 4E-BP1. Wild-type or SIN1/MEFs were grown in complete medium, or starved, or starved
then restimulated with serum or insulin for 15 min. Total cell lysates were analyzed for p-S6K Thr389, p-4E-BP1 Thr37/46, total S6K, or b-actin by
immunoblotting.
(B) SIN1 is required for multiple growth factor-mediated Akt-Ser473 phosphorylation independent of nutrient input. Wild-type or SIN1/MEFs were
starved of serum and by nutrient (in PBS for the last 90 min) and then restimulated as indicated. p-Akt Ser473, p-Akt Thr308, total Akt, p-ERK1/2, and
tubulin were determined by immunoblotting.
(C) The rictor-mTOR interaction is disrupted in SIN1 deficient cells. Wild-type and SIN1/ MEFs were either starved or restimulated with serum for
various time points as indicated. Rictor was immunoprecipitated and the associated mTOR and total mTOR from the cell lysates were determined by
immunoblotting.
(D) The raptor-mTOR interaction is not altered in SIN1-deficient cells. Wild-type and SIN1/MEFs were starved and then restimulated for 15 min as
indicated. mTOR was immunoprecipitated, and associated rictor or raptor and total protein levels of raptor, rictor, and mTOR were analyzed by
immunoblotting.132 Cell 127, 125–137, October 6, 2006 ª2006 Elsevier Inc.
Figure 6. Restoration of SIN1/ MEFs with SIN1 Expression Vector
(A) Expression of HA-SIN1 in SIN1/MEFs. SIN1/MEFswere infectedwith either an empty vector, or HA-tagged SIN1 expression vector. HA-SIN1
expression was analyzed by immunoblotting.
(B) Expression of HA-SIN1 in SIN1/MEFs restores Akt-Ser473 phosphorylation in the presence of serum. Wild-type, SIN1/ MEFs, or HA-SIN1-
reconstituted SIN1/ MEFs, as described in (A), were grown either in complete medium, or starved, or starved then restimulated with serum for
15 min and then analyzed for Akt-Ser473 phosphorylation and total Akt by immunoblotting.
(C) Expression of HA-SIN1 in SIN1/ MEFs restores rictor-mTOR interaction. Total rictor was immunoprecipitated from the HA-SIN1-expressing
SIN1/ MEFs, grown either in complete medium or starved cells. The coimmunoprecipitated mTOR and SIN1 was analyzed by immunoblotting.
(D and E) Expression of HA-SIN1 in SIN1/ MEFs restores phosphorylation of FoxO1/3a and p46/p48 proteins. Wild-type, SIN1/ MEFs or HA-
SIN1-reconstituted SIN1/MEFs were starved or starved then restimulated with serum for 15 min and then analyzed for p-FoxO1/3a T24/T32 phos-
phorylation (D) or pan p-Akt substrate phosphorylation (E). p-Akt Ser473, p-Akt Thr308, total Akt, and tubulin were determined by immunoblotting.proposed to be a positive regulator of TORC1 by inactivat-
ing TCS2. However, Akt-Ser473 phosphorylation is not re-
quired for TORC1 activation, suggesting that either the
singly Thr308-phosphorylated Akt fulfills this function or
Akt may play a minor role in TSC2 phosphorylation and in-
activation. The contribution of Akt on TORC1 activation
through TSC2 is still unclear since other pathways besides
Akt are also implicated in TSC2 regulation. TSC2 is also
phosphorylated and inactivated by other kinases such
as AMPK, ERK1/2, and RSK at sites other than the Akt tar-
get residues to positively regulate TORC1 signaling (Inoki
et al., 2003; Ma et al., 2005; Roux and Blenis, 2004). Other
studies also suggest that Akt activation is not necessaryfor S6K activity (Dufner et al., 1999; Radimerski et al.,
2002) and that the Akt-phosphorylation sites on TSC2
do not appear to critically affect normal Drosophila devel-
opment (Dong and Pan, 2004).
As TSC2 remains phosphorylated (and presumably in-
active) in the absence of Akt-Ser473 phosphorylation in
SIN1 knockout cells, what accounts for the slightly en-
hanced S6K phosphorylation? It is conceivable that
when TORC2 integrity is compromised, TORC1 is upregu-
lated due to a more stable mTOR-raptor binding (Hay,
2005; Sarbassov et al., 2005b). This would suggest that
mTOR could be a limiting factor in the formation of the
complexes and that the balance of the two complexes is(E) SIN1 interacts with Akt. HEK293T cells were transfected with HA-tagged Akt. Forty-eight hour posttransfection, cells were starved or starved then
restimulated. HA-Akt that was coimmunoprecipitated with SIN1, p-Akt Ser473, and total AH-Akt was determined by immunoblotting.
(F) SIN1 interacts with endogenous Akt. Starved or starved then restimulated HEK293T cells were lysed and immunoprecipitated with an anti-SIN1
antibody. The immunocomplex and total lysates were analyzed by immunoblotting.Cell 127, 125–137, October 6, 2006 ª2006 Elsevier Inc. 133
Figure 7. A Model Illustrating the Func-
tion of SIN1 in Regulating the Rictor-
mTOR Integrity and Akt Specificitycritical for normal responses to growth cues. Although it
remains to be shown, an interesting alternative explana-
tion is that SIN1 could negatively regulate TORC1.
SIN1 was originally identified as a human protein that
modulates yeast RAS function (Colicelli et al., 1991). In
Dictyostelium, RIP3 (AVO1/SIN1 ortholog) binds to acti-
vated Ras through its Ras binding domain (RBD), which
is also required for chemotaxis (Lee et al., 2005, 1999).
In both mammals and yeast, SIN1/MIP1 binds serine/
threonine kinases MEKK2/3 and SAPK/JNK in the MAPK
modules (Cheng et al., 2005b; Schroder et al., 2005;
Wilkinson et al., 1999). SIN1 inhibitsMEKK2/JNK signaling
by forming a complex with the inactive and nonphos-
phorylated MEKK2, thereby preventing its dimerization
and activation (Cheng et al., 2005a, 2005b). It is not clear
if the SIN1-mediated TORC2 function involves the MEKK/
MAPK cascades, although there is appealing evidence
suggesting that the mTOR-Akt pathway is regulated by
MAPKs (Ma et al., 2005). However, Akt Thr308 and
Ser473 phosphorylation is not affected in either MEKK2-
deficient or -activated cells (data not shown). In addition,
MEKK2 did not interact with either mTOR or rictor (data
not shown). Nevertheless, consistent with our previous
finding (Cheng et al., 2005b), we found enhanced JNK
and p38 activation in SIN1/ cells, suggesting a parallel
function of SIN1 in the MAPK pathway (data not shown).
Akt and S6K are members of the AGC family of protein
kinases. A common theme of their activation is through
dual phosphorylation of the T-loop site by PDK1 and the
HM site by TORC1 (for S6K) and TORC2 (for Akt). We
therefore propose that these two AGC kinases are regu-
lated upon nutrient- and growth-factor stimulation by
PDK1 and the TORCs in a parallel fashion as depicted in
Figure 7. Phosphorylation of other HM site-regulated
AGC kinases such as PKC, RSK, and SGK may be a
common feature in mTOR signaling, and whether other
members of this family could serve as mTOR substrates
deserves further investigation. In this regard, since the
pan-Akt substrate antibody is likely to cross react with
phosphorylated substrates of AGC kinases besides Akt,
it is possible that the phosphorylation defect of FoxO or
p46/p48 in SIN1/ cells may be a combined impairment
of Akt and other AGC kinases such as PKC or SGK.
Finally, as our study suggests that the HM and T-loop
phosphorylation of Akt may serve distinct functions,
a closer re-examination of the role of these two Akt-phos-
phorylation sites is likely to shift in many ways some views134 Cell 127, 125–137, October 6, 2006 ª2006 Elsevier Inc.on the role of Akt in various pathological processes such
as cancer and diabetes. SIN1 is an important regulator
of Akt and perhaps many other pathways as well. SIN1
is essential for early embryonic development; hence,
SIN1’s function in vivo is likely complex. Future investiga-
tions to define the specific role of SIN1 in Akt regulation
and in various biological settings should yield important
insights into the regulation of growth and development
at the organism level.
EXPERIMENTAL PROCEDURES
Proteomic Analysis of TORC2
Antibody isolation and themass spectrometric identification of associ-
ated proteins of rictor, raptor, SIN1, and mTOR complexes were done
as described before (Jung et al., 2005) with a minor modification, in
which 0.3% of CHAPS detergent was substituted for NP-40 and Triton
X-100 in the binding and washing buffer.
Targeted Disruption of sin1 Gene by Homologous
Recombination
The sin1 targeting arms were isolated from a BAC clone identified by
screening a Research Genetics (Invitrogen, Carlsbad, CA) BAC library
using sin1 cDNA as a probe. The targeting vector was constructed by
replacing part of the exon 2 and exon 3 of the sin1 gene with an egfp-
PGKNeocassette using standardmolecular procedures. The linearized
targeting construct was electroporated into AB1 ES cells, and the tar-
geted clones were selected with G418 and gancyclovir. Resistant
cloneswere screened for homologous recombination byPCRand con-
firmed by Southern blot analysis. For the generation of null mice, two
independent SIN1+/ embryonic stem (ES)-cell clones were injected
into C57BL/6 blastocysts. Chimeras were further bred with C57BL/6
female mice for germline transmission. SIN1 heterozygous mice were
backcrossed more than five generations to the C57BL/6 background
in this study.
Cell Culture, Stimulation, Transfection, and Lysis
HEK293T cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) and transfected as described (Jacinto et al., 2004).
MEFs were established from embryos at embryonic day 10 and main-
tained in DMEM with 15% FBS as described (Yang et al., 2001). MEFs
used for all experiments were primary cells between passages 3 and 7.
Cells were serum starved for 12 hr, followed by 60 min incubation with
phosphate buffered saline for nutrient starvation unless otherwise indi-
cated, before being restimulated with one or more of the following:
5.2 mg/mL leucine, 33 mixture (relative to concentration in DMEM) of
essential and nonessential amino acids, 1 mg/mL insulin, 10% serum,
20 ng/mL PDGF, 100 ng/mL EGF, 10 ng/mL FGFb, or 50 mM glucose.
MEFs were infected with retrovirus expressing HA-SIN1 as described
(Zhang et al., 2006). Stable cell lines were established by fluorescence-
activated cell sorting (FACS). Except for raptor immunoprecipitation,
in which cells were lysed in buffer containing 0.3% CHAPS detergent,
cells were lysed for coIP as described (Jacinto et al., 2004).
Immunoprecipitation, Immunoblotting, and Kinase Assay
Total cell extracts harvested from a 10 cm plate were used for each
immunoprecipitation condition. Crude extracts, typically in a 500 ml
volume, were cleared by 10min centrifugation at 800g, and precleared
with Protein A or G Sepharose (GE Healthcare, Uppsala, Sweden) for
30 min. Precleared lysates were subjected to immunoprecipitation
by incubating with the corresponding primary antibody (mTOR
N5D11 [IBL, Japan], myc [Upstate, Charlottesville, VA], rictor 15T, rap-
tor 36T (Jacinto et al., 2004), rictor BL2178 (Bethyl Laboratory, Mont-
gomery, TX), SIN1 K87 (Cheng et al., 2005b) or control IgG (for mock
IPs), and followed by immunoblotting. To assay enzymatic activity
in vitro, an Akt kinase Assay Kit and recombinant GSK3 (Cell Signaling,
Danvers, MA) or FoxO (Upstate, Lake Placid, NY) were used. All phos-
phoantibodies were obtained from Cell Signaling.
Proliferation, Cell Size, and Cell Viability Assay
For cell proliferation, MEFs were seeded at 20,000/well on a 12-well
plate and harvested every other day. Cell proliferation rates were mea-
sured by direct cell counting. To determine the cell size and DNA con-
tent, cells were fixed in 75% ethanol at 4C, washed with PBS, and
incubated at 37C for 20 min in PBS containing 1% FBS, 0.1% Triton
X-100, and 250 mg/ml RNAase A before staining with propidium iodide
for FACS analysis. Cell viability of H2O2-treated cells was quantitated
by trypan blue exclusion. Etoposide-mediated apoptosis was deter-
mined by propidium iodide staining for apoptotic cells for the sub-
G1-DNA content and quantitated by FACS analysis.
Supplemental Data
Supplemental Data include experimental procedures and three figures
and can be found with this article online at http://www.cell.com/cgi/
content/full/127/1/125/DC1/.
ACKNOWLEDGMENTS
We thank Dr. Puming Zhang for help in generating SIN1-deficient mice;
Drs. Dario Alessi, Mien-Chie Hung, and X-F Qin for sharing plasmids;
Beth Notzon for editing; and Drs. Anja Lorberg, Bonnie Firestein, and
Guy Werlen for helpful comments on the manuscript. Supported par-
tially by grants HL070225 and AI063348 (NIH) (to B.S.), Cancer Center
Core grant CA16672 (to the M. D. Anderson Cancer Center), Nuclear
Receptor Signaling Atlas grant DK62434 (to J.Q.), and the American
Heart Association (to E.J).
Received: May 10, 2006
Revised: July 23, 2006
Accepted: August 29, 2006
Published online: September 7, 2006
REFERENCES
Alessi, D.R., Andjelkovic, M., Caudwell, B., Cron, P., Morrice, N., Co-
hen, P., and Hemmings, B.A. (1996). Mechanism of activation of pro-
tein kinase B by insulin and IGF-1. EMBO J. 15, 6541–6551.
Alessi, D.R., James, S.R., Downes, C.P., Holmes, A.B., Gaffney, P.R.,
Reese, C.B., and Cohen, P. (1997). Characterization of a 3-phosphoi-
nositide-dependent protein kinase which phosphorylates and acti-
vates protein kinase Balpha. Curr. Biol. 7, 261–269.
Barthel, A., Schmoll, D., and Unterman, T.G. (2005). FoxO proteins in
insulin action and metabolism. Trends Endocrinol. Metab. 16, 183–
189.
Bayascas, J.R., and Alessi, D.R. (2005). Regulation of Akt/PKB Ser473
phosphorylation. Mol. Cell 18, 143–145.Biondi, R.M. (2004). Phosphoinositide-dependent protein kinase 1,
a sensor of protein conformation. Trends Biochem. Sci. 29, 136–142.
Biondi, R.M., Kieloch, A., Currie, R.A., Deak, M., and Alessi, D.R.
(2001). The PIF-binding pocket in PDK1 is essential for activation of
S6K and SGK, but not PKB. EMBO J. 20, 4380–4390.
Brazil, D.P., Park, J., and Hemmings, B.A. (2002). PKB binding pro-
teins. Getting in on the Akt. Cell 111, 293–303.
Brognard, J., Clark, A.S., Ni, Y., and Dennis, P.A. (2001). Akt/protein
kinase B is constitutively active in non-small cell lung cancer cells
and promotes cellular survival and resistance to chemotherapy and
radiation. Cancer Res. 61, 3986–3997.
Brunet, A., Bonni, A., Zigmond, M.J., Lin, M.Z., Juo, P., Hu, L.S., An-
derson, M.J., Arden, K.C., Blenis, J., and Greenberg, M.E. (1999).
Akt promotes cell survival by phosphorylating and inhibiting a Fork-
head transcription factor. Cell 96, 857–868.
Brunet, A., Sweeney, L.B., Sturgill, J.F., Chua, K.F., Greer, P.L., Lin, Y.,
Tran, H., Ross, S.E., Mostoslavsky, R., Cohen, H.Y., et al. (2004).
Stress-dependent regulation of FOXO transcription factors by the
SIRT1 deacetylase. Science 303, 2011–2015.
Cheng, J., Yu, L., Zhang, D., Huang, Q., Spencer, D., and Su, B.
(2005a). Dimerization through the catalytic domain is essential for
MEKK2 activation. J. Biol. Chem. 280, 13477–13482.
Cheng, J., Zhang, D., Kim, K., Zhao, Y., Zhao, Y., and Su, B. (2005b).
Mip1, an MEKK2-interacting protein, controls MEKK2 dimerization
and activation. Mol. Cell. Biol. 25, 5955–5964.
Colicelli, J., Nicolette, C., Birchmeier, C., Rodgers, L., Riggs, M., and
Wigler, M. (1991). Expression of threemammalian cDNAs that interfere
with RAS function in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci.
USA 88, 2913–2917.
Collins, B.J., Deak, M., Arthur, J.S., Armit, L.J., and Alessi, D.R. (2003).
In vivo role of the PIF-binding docking site of PDK1 defined by knock-
in mutation. EMBO J. 22, 4202–4211.
Dong, J., and Pan, D. (2004). Tsc2 is not a critical target of Akt during
normal Drosophila development. Genes Dev. 18, 2479–2484.
Dong, L.Q., and Liu, F. (2005). PDK2: the missing piece in the receptor
tyrosine kinase signaling pathway puzzle. Am. J. Physiol. Endocrinol.
Metab. 289, E187–E196.
Dufner, A., Andjelkovic, M., Burgering, B.M., Hemmings, B.A., and
Thomas, G. (1999). Protein kinase B localization and activation differ-
entially affect S6 kinase 1 activity and eukaryotic translation initiation
factor 4E-binding protein 1 phosphorylation. Mol. Cell. Biol. 19,
4525–4534.
Feng, J., Park, J., Cron, P., Hess, D., and Hemmings, B.A. (2004). Iden-
tification of a PKB/Akt hydrophobic motif Ser-473 kinase as DNA-
dependent protein kinase. J. Biol. Chem. 279, 41189–41196.
Frodin, M., Antal, T.L., Dummler, B.A., Jensen, C.J., Deak, M., Gam-
meltoft, S., and Biondi, R.M. (2002). A phosphoserine/threonine-bind-
ing pocket in AGC kinases and PDK1 mediates activation by hydro-
phobic motif phosphorylation. EMBO J. 21, 5396–5407.
Gao, X., Zhang, Y., Arrazola, P., Hino, O., Kobayashi, T., Yeung, R.S.,
Ru, B., and Pan, D. (2002). Tsc tumour suppressor proteins antagonize
amino-acid-TOR signalling. Nat. Cell Biol. 4, 699–704.
Gingras, A.C., Gygi, S.P., Raught, B., Polakiewicz, R.D., Abraham,
R.T., Hoekstra, M.F., Aebersold, R., and Sonenberg, N. (1999). Regu-
lation of 4E-BP1 phosphorylation: a novel two-step mechanism.
Genes Dev. 13, 1422–1437.
Gingras, A.C., Raught, B., and Sonenberg, N. (2004). mTOR signaling
to translation. Curr. Top. Microbiol. Immunol. 279, 169–197.
Greer, E.L., and Brunet, A. (2005). FOXO transcription factors at the
interface between longevity and tumor suppression. Oncogene 24,
7410–7425.
Guertin, D.A., and Sabatini, D.M. (2005). An expanding role for mTOR
in cancer. Trends Mol. Med. 11, 353–361.Cell 127, 125–137, October 6, 2006 ª2006 Elsevier Inc. 135
Hara, K., Maruki, Y., Long, X., Yoshino, K., Oshiro, N., Hidayat, S., To-
kunaga, C., Avruch, J., and Yonezawa, K. (2002). Raptor, a binding
partner of target of rapamycin (TOR), mediates TOR action. Cell 110,
177–189.
Harrington, L.S., Findlay, G.M., Gray, A., Tolkacheva, T., Wigfield, S.,
Rebholz, H., Barnett, J., Leslie, N.R., Cheng, S., Shepherd, P.R.,
et al. (2004). The TSC1-2 tumor suppressor controls insulin-PI3K
signaling via regulation of IRS proteins. J. Cell Biol. 166, 213–223.
Hay, N. (2005). The Akt-mTOR tango and its relevance to cancer. Can-
cer Cell 8, 179–183.
Hresko, R.C., and Mueckler, M. (2005). mTOR.RICTOR is the Ser473
kinase for Akt/protein kinase B in 3T3-L1 adipocytes. J. Biol. Chem.
280, 40406–40416.
Inoki, K., and Guan, K.L. (2006). Complexity of the TOR signaling net-
work. Trends Cell Biol. 16, 206–212.
Inoki, K., Li, Y., Xu, T., and Guan, K.L. (2003). Rheb GTPase is a direct
target of TSC2GAP activity and regulatesmTOR signaling. Genes Dev.
17, 1829–1834.
Inoki, K., Li, Y., Zhu, T., Wu, J., and Guan, K.L. (2002). TSC2 is phos-
phorylated and inhibited by Akt and suppresses mTOR signalling.
Nat. Cell Biol. 4, 648–657.
Jacinto, E., and Hall, M.N. (2003). Tor signalling in bugs, brain and
brawn. Nat. Rev. Mol. Cell Biol. 4, 117–126.
Jacinto, E., Loewith, R., Schmidt, A., Lin, S., Ruegg, M.A., Hall, A., and
Hall, M.N. (2004). Mammalian TOR complex 2 controls the actin cyto-
skeleton and is rapamycin insensitive. Nat. Cell Biol. 6, 1122–1128.
Jope, R.S., and Johnson, G.V. (2004). The glamour and gloom of gly-
cogen synthase kinase-3. Trends Biochem. Sci. 29, 95–102.
Jung, S.Y., Malovannaya, A., Wei, J., O’Malley, B.W., and Qin, J.
(2005). Proteomic analysis of steady-state nuclear hormone receptor
coactivator complexes. Mol. Endocrinol. 19, 2451–2465.
Kawakami, Y., Nishimoto, H., Kitaura, J., Maeda-Yamamoto, M., Kato,
R.M., Littman, D.R., Leitges, M., Rawlings, D.J., and Kawakami, T.
(2004). Protein kinase C betaII regulates Akt phosphorylation on Ser-
473 in a cell type- and stimulus-specific fashion. J. Biol. Chem. 279,
47720–47725.
Kim, D.H., Sarbassov, D.D., Ali, S.M., King, J.E., Latek, R.R., Erdju-
ment-Bromage, H., Tempst, P., and Sabatini, D.M. (2002). mTOR inter-
acts with raptor to form a nutrient-sensitive complex that signals to
the cell growth machinery. Cell 110, 163–175.
Kim, D.H., Sarbassov, D.D., Ali, S.M., Latek, R.R., Guntur, K.V., Erdju-
ment-Bromage, H., Tempst, P., and Sabatini, D.M. (2003). GbetaL, a
positive regulator of the rapamycin-sensitive pathway required for
the nutrient-sensitive interaction between raptor and mTOR. Mol.
Cell 11, 895–904.
Lawlor, M.A., and Alessi, D.R. (2001). PKB/Akt: a key mediator of cell
proliferation, survival and insulin responses? J. Cell Sci. 114, 2903–
2910.
Lee, S., Comer, F.I., Sasaki, A., McLeod, I.X., Duong, Y., Okumura, K.,
Yates, J.R., III, Parent, C.A., and Firtel, R.A. (2005). TOR complex 2
integrates cell movement during chemotaxis and signal Relay in
Dictyostelium. Mol. Biol. Cell 16, 4572–4583.
Lee, S., Parent, C.A., Insall, R., and Firtel, R.A. (1999). A novel Ras-in-
teracting protein required for chemotaxis and cyclic adenosine mono-
phosphate signal relay in Dictyostelium. Mol. Biol. Cell 10, 2829–2845.
Li, Y., Corradetti, M.N., Inoki, K., and Guan, K.L. (2004). TSC2: filling
the GAP in the mTOR signaling pathway. Trends Biochem. Sci. 29,
32–38.
Loewith, R., Jacinto, E., Wullschleger, S., Lorberg, A., Crespo, J.L.,
Bonenfant, D., Oppliger, W., Jenoe, P., and Hall, M.N. (2002). Two
TOR complexes, only one of which is rapamycin sensitive, have dis-
tinct roles in cell growth control. Mol. Cell 10, 457–468.136 Cell 127, 125–137, October 6, 2006 ª2006 Elsevier Inc.Ma, L., Chen, Z., Erdjument-Bromage, H., Tempst, P., and Pandolfi,
P.P. (2005). Phosphorylation and functional inactivation of TSC2 by
Erk implications for tuberous sclerosis and cancer pathogenesis.
Cell 121, 179–193.
Manning, B.D., Tee, A.R., Logsdon, M.N., Blenis, J., and Cantley, L.C.
(2002). Identification of the tuberous sclerosis complex-2 tumor sup-
pressor gene product tuberin as a target of the phosphoinositide
3-kinase/akt pathway. Mol. Cell 10, 151–162.
Peterson, R.T., and Schreiber, S.L. (1999). Kinase phosphorylation:
Keeping it all in the family. Curr. Biol. 9, R521–R524.
Potter, C.J., Pedraza, L.G., and Xu, T. (2002). Akt regulates growth by
directly phosphorylating Tsc2. Nat. Cell Biol. 4, 658–665.
Radimerski, T., Montagne, J., Rintelen, F., Stocker, H., van Der Kaay,
J., Downes, C.P., Hafen, E., and Thomas, G. (2002). dS6K-regulated
cell growth is dPKB/dPI(3)K-independent, but requires dPDK1. Nat.
Cell Biol. 4, 251–255.
Reinke, A., Anderson, S., McCaffery, J.M., Yates, J., III, Aronova, S.,
Chu, S., Fairclough, S., Iverson, C., Wedaman, K.P., and Powers, T.
(2004). TOR complex 1 includes a novel component, Tco89p
(YPL180w), and cooperates with Ssd1p to maintain cellular integrity
in Saccharomyces cerevisiae. J. Biol. Chem. 279, 14752–14762.
Roux, P.P., and Blenis, J. (2004). ERK and p38 MAPK-activated pro-
tein kinases: a family of protein kinases with diverse biological func-
tions. Microbiol. Mol. Biol. Rev. 68, 320–344.
Roux, P.P., Ballif, B.A., Anjum, R., Gygi, S.P., and Blenis, J. (2004). Tu-
mor-promoting phorbol esters and activated Ras inactivate the tuber-
ous sclerosis tumor suppressor complex via p90 ribosomal S6 kinase.
Proc. Natl. Acad. Sci. USA 101, 13489–13494.
Sarbassov, D.D., Ali, S.M., Kim, D.H., Guertin, D.A., Latek, R.R., Erdju-
ment-Bromage, H., Tempst, P., and Sabatini, D.M. (2004). Rictor,
a novel binding partner of mTOR, defines a rapamycin-insensitive
and raptor-independent pathway that regulates the cytoskeleton.
Curr. Biol. 14, 1296–1302.
Sarbassov, D.D., Ali, S.M., and Sabatini, D.M. (2005a). Growing roles
for the mTOR pathway. Curr. Opin. Cell Biol. 17, 596–603.
Sarbassov, D.D., Guertin, D.A., Ali, S.M., and Sabatini, D.M. (2005b).
Phosphorylation and regulation of Akt/PKB by the rictor-mTOR com-
plex. Science 307, 1098–1101.
Scheid, M.P., andWoodgett, J.R. (2001). PKB/AKT: functional insights
from genetic models. Nat. Rev. Mol. Cell Biol. 2, 760–768.
Scheid, M.P., Marignani, P.A., and Woodgett, J.R. (2002). Multiple
phosphoinositide 3-kinase-dependent steps in activation of protein
kinase B. Mol. Cell. Biol. 22, 6247–6260.
Schroder, W., Bushell, G., and Sculley, T. (2005). The human stress-
activated protein kinase-interacting 1 gene encodes JNK-binding
proteins. Cell. Signal. 17, 761–767.
Shah, O.J., Wang, Z., and Hunter, T. (2004). Inappropriate activation
of the TSC/Rheb/mTOR/S6K cassette induces IRS1/2 depletion, in-
sulin resistance, and cell survival deficiencies. Curr. Biol. 14, 1650–
1656.
Stephens, L., Anderson, K., Stokoe, D., Erdjument-Bromage, H.,
Painter, G.F., Holmes, A.B., Gaffney, P.R., Reese, C.B., McCormick,
F., Tempst, P., et al. (1998). Protein kinase B kinases that mediate
phosphatidylinositol 3,4,5-trisphosphate-dependent activation of
protein kinase B. Science 279, 710–714.
Toker, A., and Newton, A.C. (2000). Akt/protein kinase B is regulated
by autophosphorylation at the hypothetical PDK-2 site. J. Biol.
Chem. 275, 8271–8274.
Troussard, A.A., Mawji, N.M., Ong, C., Mui, A., St.-Arnaud, R., and
Dedhar, S. (2003). Conditional knock-out of integrin-linked kinase
demonstrates an essential role in protein kinase B/Akt activation. J.
Biol. Chem. 278, 22374–22378.
Wedaman, K.P., Reinke, A., Anderson, S., Yates, J., III, McCaffery,
J.M., and Powers, T. (2003). Tor kinases are in distinct membrane-
associated protein complexes in Saccharomyces cerevisiae. Mol.
Biol. Cell 14, 1204–1220.
Wilkinson, M.G., Pino, T.S., Tournier, S., Buck, V., Martin, H., Christi-
ansen, J., Wilkinson, D.G., and Millar, J.B. (1999). Sin1: an evolution-
arily conserved component of the eukaryotic SAPK pathway. EMBO
J. 18, 4210–4221.
Woodgett, J.R. (2005). Recent advances in the protein kinase B signal-
ing pathway. Curr. Opin. Cell Biol. 17, 150–157.
Wullschleger, S., Loewith, R., and Hall, M.N. (2006). TOR signaling in
growth and metabolism. Cell 124, 471–484.
Yang, J., Cron, P., Good, V.M., Thompson, V., Hemmings, B.A., and
Barford, D. (2002a). Crystal structure of an activated Akt/protein kinaseB ternary complex with GSK3-peptide and AMP-PNP. Nat. Struct.
Biol. 9, 940–944.
Yang, J., Cron, P., Thompson, V., Good, V.M., Hess, D., Hemmings,
B.A., and Barford, D. (2002b). Molecular mechanism for the regulation
of protein kinase B/Akt by hydrophobic motif phosphorylation. Mol.
Cell 9, 1227–1240.
Yang, J., Lin, Y., Guo, Z., Cheng, J., Huang, J., Deng, L., Liao, W.,
Chen, Z., Liu, Z., and Su, B. (2001). The essential role of MEKK3 in
TNF-induced NF-kappaB activation. Nat. Immunol. 2, 620–624.
Zhang, D., Facchinetti, V., Wang, X., Huang, Q., Qin, J., and Su, B.
(2006). Identification of MEKK2/3 serine phosphorylation site tar-
geted by the Toll-like receptor and stress pathways. EMBO J. 25,
97–107.Cell 127, 125–137, October 6, 2006 ª2006 Elsevier Inc. 137
